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€) vrstial display. 



@ A visuQl display comprising a display medium 
(12) and a gain reflector (14) disposed b^ilnd the 
display medium (12) for reflectirtg incident li^t The 
display medium (12) may comprise a liquid crystal 
material cantsii^ a dye tiiat a»if(»ifns to Sie struc* 
ture of the iic^ crysts^ materUi} and a cen^mnent 
medium for trtducing disterted allsnmsnt of tiie liquid 
crystel materigJ w*?ich in response to suctt aSgnment 
scatters and atraortis light and whitdt responss to a 
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VISUAL DISPLAY 



The inventfm relates to a visual dlsf^ay, and 
more particularfy to a vfsual display utiliaing a gain 
reflector and a dlaiiday modlum ttal may be 
switehed between light scaOaring and rk)n-9C8tter<- 

Viaual display devfces may ufillse liquid cry- 
sla!s. The property of Bquid crystals that makes 
them particulaiiy useful in visual displays is the 
ability of certain Bquid crystal materiaia to transmit 
light in a sbictly aligned or non-sc^ering stale, 
and to scatter Hght and/br to absorb It espedaRy 
wfjen combined with £Ui approfxiafe dye, in a rela- 
tively free or scattering state. An el«:tric field may 
be selectively applied a&ass the liquid crystals to 
switch between scattering and non^soattering 
states. 

tt is desirable that liquid crystal visual displays 
have excellent contrast between the characters dis- 
played and the background, and high brightness in 
all ancient li^ concHUons. It is «Jso desfrabia that 
lh» display b« f^ of finoflt surface gl»^ 

A known liquid crysted that can be used as a 
.medium is known. as, encapsulated oper- 
'«diot>aliy ^«na^Hc Uqukd crystt^ material or nematic 
curviRnearly aligned phases ("NCAP") liquid crystal 
matertal. 

A detailed m^^anation of operalionalty nematic 
or NCAP llquki crystal matsrtat Is provided in US- 
A-4fl18903 and US-Ar4435047. 

In the ileld-c^ condition, or any otiier cwidltlon 
whidi results in the lk|uki (?ystal being In a da- 
t«ted or rsBVjomly aTfoned stato, Hie NCAP liquid 
crystal material scatters incident Bght. In the field- 
on condition. Incident Hfi^ is transmtttsd through 
the NCAP material. 

A pleochroic dye may be present witti Uie 
Bquid crystal material to provide substantia! attenu- 
aUon by ^sofptiori in the field-off stale tHit to be 
substantially transparwit In the fleld^n &m. Any 
reference to «ie ^»ty of ilqiAl eryetal to 
andrar absorb light should not be Rmltad to the 
scattering and minimal absorption prxiperties of liq- 
uid crystals but shouM include Hie additional prop- 
erties pleochroic dyes may impose on the optical 
prc^rties of the liquid crystal. 

The display medium of &is display of the In- 
vention may also comprise other sc^erlng-type 
dsplay materials., e-g., dynamic scattering liquid 
crystal materials or ferroelectric ceramic materials 
oemprta-ng optteaUy dear <Pb,LB)(Zr,TIKOa) 
CPLZT"). The dynamte scatteririg mi PtJZT dis- 
play mediums are both switehable between Kght 
scattering and non-scattering states. 

In reflective liquid crystal displays utilised here- 
tofore, the use of a gain reflector can produce 



higher brightness in the field-on state when the 
llluminatton on the display Is coillmated or quasi- 
oolltmated. However, in the field-off state, bright- 
ness is also increased, thereby providing little or no 

5 improvement in the contrast raBo. When the Illu- 
mination on such displays is difhjse, tfis gain re- 
flector will not a^ct the brightness alL 

According to the invention there is provided a 
vlsud display cwnprising a display mediunn 

TO switehable between a first stste in which Incident 
light is at least one of scattered and absorbed and 
a second state in which the amount of such scat- 
tering or absorption is reduced, and a gabi reflector 
means disposed behind ssdd display medium for 

js reflecting light passing through said display me- 
dium, characterised in that said gain reflector 
means is such that said reftectad light Is angularly 
0^ from specular reflection from said display 
medhan. 

ao Also aopording to this invention ther« Is pro- 
vkled a visual display apparatus comprising a die- 
-play medium and a gain reflector mews disposed 
behind said display rtiedlum for refieciing Hglit ^ 
pasang ttwough said display medium; chaiiucteriS- ' 

s$ ed in that said display medium comprises a liquid 
crystal materia oontained in a containment means, 
for inducing a distorted allgnm&nt of said liquid 
irysted material whteh in response to sudt align- 
ment at least one of scatters and absorbs light, and 

30 which in raapqnss to a prescribed Input reduces 
the amount of Such scattwing and absoiplion. 

The bivention provides a ^sual dl^y having 
a relatively high contrast as well as brightness. 
Further, the Invention provides a visual display 

35 that has excellent contrast and high brightness in 
all ambient light conditions. 

Still further, the Invention provides a vi«i^ dis- 
play sMng good pffltwmanoe in vlevinng conditions 
where glBPs is prssmt 

40 As may be seen h«9fna»ef. the display dis- 
closed herein Is one which comprises a display 
medium disposed at a \^ing side of the display. 
The display medium Is switohabla between a Brst 
state In whk;h Incident light Is at least one of 

46 scattered and absorbed, and a second state in 
which the amount of such scattering or absorption 
is reduced. A gsfifi reflector means for reflecting 
llglit transmitted by the display medium is located 
behind the display medhim. 

so The display nnedum may comprise a liquid 
crystal material oontainkig a dye that conforms to 
the structure of the liquki crystal materia! and a 
containment medium means. The containment me- 
dium means induces a distorted alignment of the 
liquW crystal material. whi(di In respmse Id such 
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alignment scatters and absoitis light and which in 
resp(»iss to a prescribed input induces ttie amount 
of such scattering and absorption. 

Ttia pain reflector means may b9 an offset gain 
rofiector ^{ft provides that qjecular reflection or 
glare Is angulatiy oftoet frotn the reflected gain, l.e., 
light reflected by the iaff$«i gain reflector. TTie 
display may mso Include a color ntfsr or tons 
disposed between the liquid crystti ments and the 
gain reflector means. 

The display the Invention can produce Tel» 
tively bright or white characters, informafion, etc. 
on a relatively dsrk. background in collimated, 
quasi-coHlmatsd or difftjse lighting conditions. The 
d9ri< bact^grourtd may be produced by liquid cry- 
s^ material that is r^tdomly aii^d In the fleld-oFf 
state wherein Sght iricident on the liquid crystal 
material is scattered and absorbed. The bright 
characters are caused, for example, by Iqtiid cry 
stsi material that is in a f!sld-on stats or in ordered 
alignment and thus, substanlially optically traispar- 

. ent When JJhe Hquld crystal material is in flie fieW- 
oTf state, only the r^attvety d^ background ^ 
pears. When a selecttid portion of the liquid crystal 
material is in order ailgnment, the f!eld<ori sb^, a 
very bright character will appear sg^nst ttie dtok 

.;bapkgrQU!)d;it9 ait ob^rver wi^iln a viewing angle 
of fiiedtepi^. 

. T^^ •{"W^??' y^ll npw be described |jy wjy of 
example vritfi referefice.to the drawings, in wliiph> 
Rgure t is a schematic, side elevaiional 
view of a visual display In accordarKS with the 
invention; 

Figure 2 is a schematic view tllustra&ig the 
gain reflector mea^s of the visual display of the 
invention; 

Rgwes 3 and 4 are schematic illustrations of 
a Gquid <?ystai material used In the visual di^ay 
of the Invention including a volume of liquid crystal 
vyjth a dye in a containment medium means with 
the liquid crystal structure in di^orted and paraiiei 
alignment, respectiwiy; 

RguiB 5 is a sc^enjsGc view IliustFi^ an 
offset gain reflector that may be utilisad in the 
visual display of the Invention; 

Figure 6 schematicaNy and perspectlvBly H- 
iustrates a fomn of an offset gain reflector that may 
be utilisad in tfie visual display of flie inventiwi; 

Rgure 7 Is a ^ew along line 7-7 of Hgws 6: 

Figure 8 graphically and schematically illus- 
trates a reflected light pattern from an offset gain 
reflector that may be utilised In the visual display 
of the invention; and ■- 

Bgure 9 is a schematic view illusfrating en- 
other snrdsodlment of visual display according to 
the invention. 

Hefenlng now tiw drawings, wherein lilte 



reference numerals are utilised lor iilce componoits 
throughout the drawings, attention is flrst directed 
to Rgure 1. R^we 1 shows a liquid crystal visual 
display indict generally by refsrence nioner^ 
e io. 

The display 10 Includes two main cqmponents;- 
a dSspiay medium 12 and a gain jjeflector 14. 
Display medium 12 Is at a viewing side 2S of 
display 10. The gain r^ector 14 is at a non> 
TO vlewvlng side 27. A color fllter 20 may be tocaied in 
between display medium 12 aid gain reflector 14. 

The display itirther Include* a fiwne 16 com- 
prising a plastics housing that provides environ- 
mental protection for the display medium and the 
IS gain reflector. 

The display medium comprises a material that 
may be switched between a light scattering and a 
non-scattering state, e.g. a NCAP liquid crystal 
material, a dynamic scattering it^d crystal ma^ 
so terial or a ierroelectric ceramic suc^ as PI.ZT, aH of 
which are discussed in mora detaH hereinafter. 

When ^ ^ain reflector is utiiised with standard 
twisted nematic and guest^host liquid crystals, both ' . 
the field-on and field-off states are Increased in 
as brightness. Although the brightnet^.js increased, 
tiie contrast ratio of the'display i«malns the sarm. 

be.siighily better than wimbut the gain rejector. In . . ' 
I some cases, ttie apj:i«$wanc^.ii;9y ,^ worse. . , , , 

30 ' l^owever, in the '^pi^' i3f'!j|^Jn 

major dlffsrence occurs Whofi the display fs 
switched between the scattering and non-scattering 
states. The effective g^n of a gain reflector, de- 
pends upon «ie degree of colIimatlOT of ttie in- 
cident light, ki the scattering st^. light Incldwit 
upon the reflector wiB be relatively diffuse. The 
gain of the reflector for diffuse, illumination wHi be 
close to unity. In the non-scaltertng state, light 
inddent on the reflector may be mudi more col- 

40 limated {depending upon the design of the illumina- 
tion system) and therefore 8ie effective gain wll tte 
greater iian unity. 

For exffi^ple. dl^lays 
udlizing the NCAP liquid crystal msteriai, have 

•45 been found to have effective gsdns of 2.2 in the 
non-scattering state and 1.1 In ^ scattering state. 
Thus, the brightness in the fleld-on state is in- 
creased by a fa^ of 2,2 and the contrast ratio 
{contrast ratio = brightness (on) X gaintorightnasa 

so {off) X gan) is doubled for displays having an 
effective gain of 2.2 in tiie field-on state and l.i in 
the fleld-off state. 

Needless to say. higher brightness with higher 
contrast produces major improvements 1n cdsplay 

SB peribrmanM and appearance. 

The display medium 12 may comprise a liquid 
crysiai cell 21 9at includes a liquid crystal matsrial 
22. The optica characteristics of the liquid crystal 



tnaterisl sre a function of wti ether or not a prs- 
scribsd input is appHed to the llqtid crystd ma- 
terial. The prascrfeed ftiput prafv^iy of tfis 
electromagnet type and. mora fMulictdarly, an 
electric field. 5 

A sciiemattc representaSon of a circuit 24 for 
' Selectively applying or not an electric field to the 
liquid crystal material £2 Is llllustFeted in Rgure 1. 
Such a circuit 24 may Include an etectilo power 
supply 26. such as a battery, and a switch 26. The 10 
electric power si«)ply may altemalively be a source 
ol alternating orrent The circuit 24 is connected 
tiy etectrical leads 30, 31 to electrodes 32, 33 
positioned on opposite sides or surbces of Jiquid 
crystal materia! 22 of cell 21. ts 

The electrodes 32. 33 are substantially 
opfTcatly-transparent, and rnay be fonned on 
opScaiiy-transparent substrates 52, S3, respective- 

ly- 

OperaHon^y. wrift swi^ 28 open, no dectric to 
field is applied to the Squid cry^ materiel, which 
then is in the so-called de-energized ^Id-off) oon- 
dtion or mode, or scattering light stale. WHh sv^tch 
28 closed, an eie<^c field is ai:H^ied across the 
fiquid crystal materled, which then goes Into the 60- as 
called energized (Reid-oh) eendtSon or mode, or 
non-scattering light stete; The pperationa! diarac- 
tertsdcs or the display will depend on the soaring 
or.non-scatterinQ oondHjon of the liqUd crystal ma- 
Uidal 22, as Is described in ftirttor detail below. ae 

The liquid oystal material 22 prafenbly is of 
the type (NCAP) disdoead In UWr4436047. As is 
represented schemalicaBy in Fiqim 3, such liquid 
ays^ material 22 piefei^y: Is fwnied of oper- 
atiwiaUy nematic liquid crystal 40 h a pluraJlty of ss 
volumes 42 formed tn or defined by a oanteinntent 
mecfium 44. The liquid cry^M 40 prefai'Sbly Is 
optically transparent, and ttie oontahimefit medium 
pref&ably also is optically transpaent In the em- 
bodiment illustrated, pref^iy the llquU crystal « 
mortal 22 has mixed tiierewim a 46^ fpr 
example a pleot^mlc or* diocln-oic dye. Hovravra-, a 
Hqutd crystal matei^ w^Out a dye may be utilized 
to fwm the display medium. 

Each volume 42 may be cfiscrete or sJter- 45 
natively the OqiM cry^ 40 may be contained kt a 
coitidnment medium, such as a polymer sncapsui- 
ant that tends to fbrni a muitilude or capsule-ltiw 
wiviranments containing the llcMcf cxystai msiterial. 
The liquid crystal 40 may be more or less confined 69 
to an approximately spherical or otherwise curvilin- 
ear stHface of a containment cavity. Such cavities, 
however, may be inteimtnectsd, for example, by 
one or more channels or passages. The liquid 
wystai would preferaWy be In both the discrete ss 
volumes or cavities and in the interconnecting pas- 
sages. Thus, the internal volumes of respective 
c^ules may be ftuidiy coupled via one or more 
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Interconnecting passages. 

The pieochrcHC dye 46 in the liquid crystal 40 
viill absorb some of the light transmuted thereth- 
rough, and the degr^ of such absorption is a 
function of whether or rMt an el«:tr1c field Is ap- 
plied to the liquid crystal material and of the mag- 
niUide of such fi^d. Preferably such «tf)sorptlon in 
the field-on condtioi of the liquid crystal should be 
zwo or as close to aero as possiUe to maximlae 
transmission of incident light 

The dye alignment fbJIows the a^imnsnt of the 
liquid crystal 40, as is illustrated schemaficaiiy in 
Rgures 3 and 4, <dr example, and is explained in 
further dstali in the above-mentioned patent. There- 
fore, when tiie liquid crystal sbructure !s in distorted 
alignment, the dye will provide a ralattw^ substan- 
tia) amount of light abSMptlon. However, when the 
liquid cryst^ 40 is in pfrailel alignment, eg., like 
that Bqirid crystid shown ki t=ig. 4, flght abswption 
by tfte dye wilt be mlnihrized. As the magi^lude of 
electric fie(d Is Increased or decreased, the amoui^ 
of distortidn of the \iqiAi crystal material will vary, 
and the amount of absorption by the dye also will 
con^s^ondingly vary. 

Irt fleld-on operation, he. the non-scattering 
state, as shown iii f^re 4, me liquid crystri 
sbtjctute Is considered to assurne a generally par^ 
atlsi afignment Since the ordinary Index ct reftrao- 
thm of the liquid crystal 40 in fiehikin condition is 
rnalciied to that of lite contdnirtent medium 44, Utt 
, liquid crysiaf mat«1al 22 becomes essantlaliy opti- 
cally transpaimt and light incident thereon is not 
refracted at interfaces between the liquid crystal 
and containment medium. During such fieW-on op- 
eration. Incident Nght is transmitted ttirough liquid 
crystal cell 21. 

Field-off operafion, i^, the scattering stete. of 
the display Is depicted bt Figure 3. U^it wMch Is 
Incident on liquid cry^ material 22 is refiBCted, 
scattered and absorbed. Sjdt scattering is effected 
becmss the exttBO^inaiiy kid^ of leiraGlion of the 
Mqi«d aym 4D Is dlMei^t fiem the msK of 
refraaitHi oi the containment medium 44. The fight 
is absorbed by the dye 46. 

The nidex of rsfraction of ^ liquid crystal 
vales depending on whether an electric field is 
affiled across the liquid crystal material. The Index 
of rafiraction of contednment medium 44 and me 
crellnary Index of refractidn (tiie Index when an 
electric fleM E Is applied) of nrm Iquid eryetel 40 
should be matched as mutii as pos^bie when in 
^e ff^d-on state to avoid scattering, ttiereby ten- 
ding to maximize light transmission. However, 
when the liquid crystal is in the field-off state, there 
wll! be a dlfteierwe in the indices of refraction at 
the boundary of Sie liquid crystal 40 and tiie con-- 
tanment mecSum. 

In the field-off state, me containment medium 
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tends to distort the natural liquid crystal structure to 
present to a great extent at the int^aces of me 
liquid crystal arKi surfaces, the extraordinary Index 
of retraction (the Index with no e)ec^ field E) 
cha'actsrlstic of the liquid ctvSOi; and such ex- 
traordinffiy index of refraction i« (Parent from tiie 
index of rBfroction of the containment medlun). 
ThereforB, when In such dlstortad alignment oorv 
dition. mere is a difforenoe in the indices of teinc- 
tlon at ^e interface t^etween tiie liquid crystal and 
cont^nment medii^, which causes refraction Bid, 
thus, scattering of light incident Biereon. 

As long as the ordinary index of refractton of 
»ie liquid crystal is closer to ttie index of refraoaon 
of ^e containment medkim. than Is the extraor- 
dinary index of refraction, a change in scattering 
mW result when gdng from the non-scatter^ 
^gure 4) to scattering (Figure 3) states, and vk*- 
versa. 

Sectrode 33 may, for example, fomi a com- 
mcm electrode surface wrfiite the opposed electrode 
32 comprises paflHn&d electrodes haying (rulfiple 
electrode portions that can bs selectively energized 
to spp\y the, Electric field to selected portions of the 
l^d cry^ -material. Fpr instance, as is well , 
icnown in th* art electrode 3% may be divided into 
s4^.9n;9te<^<MHy Isolated !^ 
; may be saiecHveiy en<ir{^zed to diepiay varfoinr 
nismerlp^ chanipters.. Eleeliato 32 msiy. ai^ be 
cijnfigured to ^ a dot mArlx display compii^r^ 
a plurality of dobi or ftoais anwiged in column and 
rows. A row i$ enabled to accept display informa- 
tion In parallel via the colunin Unas] 

The liquid crystal material 22 including dye 4fl 
may be prepared In the ftxm qf an emulsion of 
liquid crystal and ctintahiment medium which is 
subsequently drtod or cured. Altsmativsiy, as noted 
heretofore, the Iquld crystal material may talce the 
form of a plurality of incfi^j^dudly formed capsuiss 
of liquid cryst^ In the containment medium. 

In one embodiment, the contelnment medium 
is fcwmed Df a polyvinyl alcohol (PVA); hi another 
eti^sodlment the liquid oysM Is di^jersed or en- 
trapped in a l^x conteinment medium. In elther 
embiodtment, substrates 52, 53 of liquid oystal cell 
12 may comprise a potyestsr film, such as Mylars, 
that has been praooated witti a layer of indium tin 
oxide (ITO) to form the elec^es. Prefer^, the 
film has been precoated with a 80 to 500 olvns par 
square layer of ITO. Materiais other than ITO nwy 
be used to form the electrodes of the apparatua of 
the present Invention. 

Latex entrpped NCAP liquid crystal comprises 
the entrapment of liquid crystal In a latex medium. 
The iaiax is a s'ujspsnsion of particles. TTie paroles 
misy be natural rutdser or synthetic polymers or 
oqsoiymars. A latex medium Is Ibmied by drying a 
suspension of such particles. A fur^er explanation 



of latex en^pped NCAP liquid crystal and meth> 
ods of matcing the same are provided in U.S. 
Patent >^plicatlon No. 70S, 209, filed February 25, 
1985, in the name of Pearlmai. 
5 in an attena&ve embodiment, the display me- 
cQum 12 may comprise a Squid crystal sell that 
consists of a dynamic acattarfaig liquid crystal me- 
terial. As in tte ease of the aboveHdaecribed encap- 
sulated operationally nemallc liquid crystal mate- 
m rial, a dynamic scattering liquid crystal materiaT is 
switchable between light scattering and non-scat- 
taring slates. As contrasted with ifte operationally 
nemafic liquid crystal material, an electric field 
passed through a dynamic scattering liquid crystal 

ts material disrupts the alignmer«t oi the liquid crystal 
material sudi that light ts scattered or refracted, 
liowevtf, in the field-r^ state, the dynsnic scatter- 
ing liquid crystal matsfial is opticaHy clear. Thus, 
ttie scattering effect In the dynamic scattering Sq- 

30 uid crystal material is obtsdned when no electilc 
field is applied. 

Dynamic, scattering liquid crystsjl materials are 
well known in the art, and as such, fhey'wlli not be 
described in any detail h^ein. Dynamic scattering 

25 is described Iti fie follovyinis. articles^ 

j,L ,Fi8rg8S(^, ti ai, "Uquid' Crystals and ttirtr 
Apigcrtiong^:, 6|ic<n>-T«?hn.olP0y. . Januyy. 1970. 
p.41; and E.H. fteiirneler. it al J^Dymanto scatter^ 
ins;..A new^sJ^^^QQptto.efl^^^^^ certain dasses of , 

soi , nemaBc liquid crysjais", Prqc . " jgEE , Vpl, 58, 

p.1162, im ■ 

Other types of ^quld crystal materials that may 
be utilized as the display medium Include twisted 
n^aUc and super twfst- liquid crystal materials. 

3S These mat^als We also well Imawn to those 
sicilied in the art, and are not described in any 
detail herein. 

h\ yet another embodiment, display medium 12 
may comprise a soattering/non-scattering ferroetec- 

40 trie ceramic system. Famielectric di^lay systems 
are also well known In tfie art, and as such, they 
wlK not be dsstaibed In de^l. They may comprise 
optically clear {Pb,U)fZr,TI)03 ceramic miderii^e 
{PIZT). The PLZT ceramic, 1^ &w enci^sauleisd 

45 operationally remade liquid crystal materiaf end the 
dynamic scattering Kquid crystal materia, is ' 
switchable between light scattering - and non-scat 
tering states. TTie PLZT femieiectric ceramic is 
described in ttie fdlowing artcles, 

so A.L Dallsa, et al., "Convolution Scattering Model 
for Ferroelectric Ceramics and other Display Me- 
dia", Proc. IEEE , Vol. ei; n. 7. pp- 981-991, July 
1873, G.H. Hearting, et al., 'Recent improvements 
in the optical and eiectro-optic properties of Pl^ 

55 ceramics", Fema^ectries , Vol. 3, p. 269. 1972. 

The color fiitar 20. descirtbed idjove. Is utilized 
to provide a color display. Filter 20 may be con- 
structed from any transparent non-ecattering color 
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matsriaL for exanqsle, the color filtsr may be 
formad from colored glass or a dyed friastic ma- 
tarid. The color ttfter, color ^eet or lens 20 may 
bsvirtually any color, for exampla red, green, yel- 
low, oraige. eto. 

Colc»' filter 20 rriay be laminated to the Iront or 
backside of display medium 12. Prefer^ly, how- 
ever, the filter Is laminated to the back of Hie 
di^iiay medium. 

Mtematlvely. as iSustrated in Figure l. color 
filter 20 may be spaced from the back of display 
mecBum IS such that sn air gap exists there- 
tiebiveen, as Is represented t^y spacing "di If ttie 
electrodes of the display medium, are configured 
to form pixels the spacing "di " should be afi^roxi- 
mately less than 10% of the minor dimension of 
the pixels. 

As discussed, the display medium tZ is 
svvitf^i^e b^ween a non-«c8ttanng (clear) state 
and a scattering (opaque) st^ "Vne odorsd ma- 
terial behind the tAsplay medium or portion thereof 
in the fieid-on state is visible to an observer or an 
observing Instrument 58 on viewing side ZS of the 
display. 

The color fiite-. 20 may be ellmlnafed. axtd 
instead gain reflector 14 may be selectively screen 
-printed colored dyed, for oxampie fluorescent 
dyes, as Shown generatty by refwence numeral 54. 
The colored provtde a eotorad pattern that 
cm produce coiof for pixels In the display. The 
fluorescent dye Increases brfghtness due to its 
ali^lfty to absort} light over a vAdo range of frer 
quendes and then to emit Ihis light at a particular 
color. 

As showi in Figure 2, incident light, r^re- 
sentad by Kgtit beams 60. which Is retractsd wlien 
it passes through display madium 12, is reflected 
back from gain reflector 14 as light beams 62 that 
malce up a lobe 64. The incident light is also 
reacted as 0aa. as ^11 be ex|^ned In more 
delaal betow, from the mrlace of display metfium 
12. 

The reflected light 62 is not uniformly distrib- 
uted but is concentrated to some degree. The 
Kmlting case of a gain reflector wouid be that of a 
plane minw. In that case, ^1 tiie light in a col- 
ilmatad incident nght beam remains collimated in 
the reflected beam, which is propaga&ig In a dtreo- 
Uort such that the sngle of Inddencfl equals Die 
angle of i-efleetion. Impending upon the exact na* 
fura of the surface of the gain reflector, the li^t 
disbflMjitlon In the reflected beam may be broad or 
narrow. The gain of siifch a reflector may be de- 
fined as the ratio of the light flux into a detector 
(with a fixed solid angle at a given angle to the 
surface) from the gain reflector to that from a 
l.ambertlan reflector. 

As the incident light beam beccunss less col- 



limated, the dlstr^uHon of reflected light Ihsm the 
gain reflector broadens and itiersfore the gain de- 
creases. The limiting case occurs when tiie in- 
cident light bem, or illumlna^ofl from viewing side 

5 25, fbr example, is diffuse or L.stfnbertiar. This 
results in a Lambertian reflected light distribution, 
that is a gain of unity. 

TTte g^n reflector 14 may be any number of 
well known and readily available gain reflectors that 

10 provide 1^ reffecUon of Incident light. The g^n 
rector, Ibr example, may comprise a r^ro-reftee- 
tOT where the reflected light Is along the same path 
or line as the IrKsident light beam, 

More prefor^ly, the gain reftector 14 provides 

IS tiiat the reflected gain is along a pa^ that is 
different from the incident light Such a gain reflec- 
tor, Ux example, is described in US-A-445633e, 

The gi^n refiectar 14 may also comprise a 
tentlcuiar surfaice that has a repeating, simple ele- 

» ment such as a spherical or cylindrical section, 
thtt is embossed into fleidble PVC that Is coated 
with aluntinum pi^ent paint or oiher reflective 
media. 

The gain reflector may further comprise, as 
25 ^wn In Figure 2, an opaque, plastic or metal 
substrais 50 having a reflective coating 55. The 
ooBiing can comprise a ihin layer of silver or alu- 
minum, for example a sputtered alunMnum coadnQ. 
that has a rough «- uneyan surface. 
m Another type of gaki reflector may be uHilzed 
In the (Ssplay of ^ present invention is described 
in US-A-424tg80. 

Thf^ gain rejector is commercially available 
from ProtolifB Corporaion, Palo Alto, CalifcM-nia. It is 
as add under tie trademark Mirror Image. This gsdn 
reflector and a metiiod of Its manufacture are also 
deseritod in a paper entitled: Q. MlhalaMs, "Large 
Screen fYojecfion Displays". Proc. SPtE Vol 760. 
p. 29. 1987. 

40 This gain reflector comprises m array of op- 
Vcai dements are juxtapose te torn a matrfx 
of rows and columns. Tfese optical elemants h^e 
both convex and t^Htcave image-formimg portions 
such that file critical axes of the etonents ate at an 

45 angle to the normal to a substrate of the gain 
renechH'. The Indhridiial optica elements typically 
have cfimen^ons smaller than an observer cai 
resohre at the detennined vtewlr^ distance, and the 
oommx and concave portions are shaped to pro- 

90 vide overfapping Images at that ^^ing distance. 

As shown In figure 2, ^e glare or specular 
reflecfion, represented by light beam 66. Is caused 
by light reflected by the planar reflactlv© surface 
that is parallel to flw principle plane of the gain 

S5 . reflector, U., the display surface? comprising, eg., 
the front and rear surfaces of display medium 12 
including any transparent overlay or cover therefor. 
WlHi the aijove-described gain reflectors, an ob- 
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server or obsen/ing instrument 58 on viewing sfde 
25 of the cUsptey not only receives the highest gain 
of i^flectsd light but also the highest glare. This 
occurs because the gain lobe 64 (reflected gain), 
comprising reflected DgN beams 62, la dl^buted s 
around the direction of die specular raflectton 
(glere), light beam 66, fiat is the angle of Inddehoe 
9i equals ^e angle of reflection fs. Howaver, if the 
vievi^r 58 moves out of the glare angle, the avaih 
stOB gain decreases. to 

For this reason, it is advantageous to utilize an 
offset g^n reflector, !£., one that separates the 
direction of the specular reflecthw or gl^ fr«n the 
direction of flie reflected gain or l^t. 

The light distributicm field or paHem ftwn a is 
display having an offset gain reflector 14' Is sohe- 
maticaliy illustra^ In Figure S where the reflected 
gain is represented try a light lobe 84', ocmpilsing 
Ight beams 62', and the specular refiectiwi (the 
reflected glare) is represented tiy light beam 66'. so 
As shown, the specular reflectkMi or glare Irom the 
. surfaces of display medium 12 is not in the same 
drectiwi as tiie mawmum ixightness and contrast 
of the display, 4.e., the specular refiecSon is an* 
' gy«iy ofbet from Hght reflected (fight beams 62') i$ 
by the offset gain reflector, 
v: . The eiimlnailon of gim obeSrvrtto by art ob- 
server providaa lncMased apliiBal fMrformance and 
: furflwr; eohaneen tite apjpearance of.dtspjay 10. 

■ir The QonMnicGdn cf a ty^ of offset g^ refiec* so 
tor14' Is schemaik»lty llfuslratsd In Rgures 6 and 
7. 

More particularly, the optical elements of the 
offset gain reflector shown in Figures 6 and 7 
oxnprise as^metrtcai v^e forms th^ angularly as 
offset the refiecM l^ht As discussed, this modi- 
lied gain reflector produces the light diatribuHon 
pattern Illustrated in Figure 5. 

The mathematicat surface d &te gain reflector 
described in US-A-4241d80 is based on Sie Joining 4o 
(splining) togedw of individual bw order oirved 
Qp&Ai etements in a manner which results in a 
shape vUSh a continuous first derfvative (tangent) 
and a defined second derivative (cwvature). This is 
another way of saying that the optical ei^ents are 4S 
joined together smoottily. with no sharp edges. 
This two dimanslonti (spBne*^ wave form is Ifien 
modulated In a non-standard tehlon by another 
wave fwm defined on the orthogon^ aids. The 
result Is a three dimensional surface of ^oothly so 
joined optical elements ha^ng, as discussed, both 
convex and concave image-forming portions. The 
opdcal pcnm (the ability to spread Itghl) of thte 
array of elements is exactly the same as the t^jtical 
power of a single elem^t ss 

The single optical dement in the gain reflector 
of may in principle be any smooth continuous 
fwwaon t«ro zero crossings; see, e£„ figia-e 6 



where the "x"-"y" plane Is the Inflection or zero 
plane and ali "x" direction wavefomis undergo zero 
crossing. But, in pracfice, it has been restricted to 
second order functions, e^., a cirde, an ellipse, a 
psrabola, or a hyperbola. Tbs angle Into which a 
ray of light will be reflected by an optical element 
will depend on the slope of the curve at the pc^nt 
of Interest. Ijs.. the ^per the slqDa, the larger the 
angle. Thus, the bCHBidaries of Am light reflection 
padsm are dstsrndned by the steepest negative 
and positive elopes. 

An important consequence of the fact diaJ the 
dtsirtbutton of light depends only on the slope of a 
surface of an ot^ai elements is that the mirror 
image of this surface has identicaUy the same light 
disMbution. it has the same focal length, but of 
opposite sign. 

A second important consecpience of slope de- 
pendence is that the Ugtrt distr9»ution pattern ts 
^ment size independent The smaller element will 
intsicept and act upon a. smaller portion of the 
incoming ligbt, but will distdbute that light at tie 
sanw angle or pattern as would a larger element 
This is true whenever both the laige and small 
elements have the sam^ sh^. 

TTie surfffi» ponaieting ct a aingle raw of three 
dimenalona) opgcal elements may ..be consirMetjsd 
by infrodudng some repeating wave forni on the - 
aide ortiugorial to the pn'rnary wave forni. Thts.is 
done by making the; element ^ prpporiioniai to 
the anpHtude of tfie modulating wave. The siaiese 
of tiie gain reflector of is configured by joining to 
each element its mln«r Im^ dzed in such a 
manner ^at the combined length of this compound 
element Is held constant, independent of the size 
of the primary alement This pattern may be re- 
peated Indefinitely crea^ng a .continuous sheet or 
anay of optical el^nents in rows and columns as 
described in g8-A-42419aO. 

The gain reflectors produced i»)mmerclally by 
ProtoHte have been symmetric, and thus they pro- 
duce symm^e Hg^t dis^ibuSon fields <s^ paoems. 

The offset gain reHec^r h' sdwnaScally IHus- 
traied in Rgures 5-7 incorporates an symmetric 
wave fomi element, wmich, as illustrated, ma^ be a 
section of a rotated ellipse; Other asymmetiical 
fbnns, such as a rataied parabola, a rotated hyper^ 
bola or any high order curve, may be utlH»d to 
construct an offset gain reflector. 

Specifically, the offset gain reflector 14' is 
made up of ^ array of asymmetrical optical ele- 
mente "A" each, e.g., comprising a section of a 
rotated elQpse. As Illustrated in Figure 7. the result 
Is a curve having a much greater portion of its 
twigth with a positive slope "B" "then a negative 
slc^ "C". Since the positive and negative slope 
r^ions send reflected light to Of^slte sld^s, poei- 
eve slope side "B". having more araa. wifl receive 
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more light. FiHlhermore, tiie po^Gve slope side has 
less curvature and tluis does not distrtlMjte light 
over as wide an angle as does flis n^aSve side 
"C. Since ^le distribution angle is simafler, the 
Ight remains more coricentrated arid thus brighter. s 
The net result is an. array or sheet of optical 
elements (which, wh^n light is directed normal to 
the tiemmts, reflects that light ffi a distibutlon 
pattern which Is t^hter on one side than the 
offter. 10 

Figure 8 ilustrates tire reflecled Rght pattern 
horn the aboire-desaibed offset gain reflector 
whftrein the angle of reflection from O' is plotted 
on the "x" aws smd fcwighbiess on the "y" axis. As 
shown, the offset gain reflector reflects incident is 
light in a pattern tfiat ia brighter at "E", i.e., tt is 
brighter on one ade of ttie "y" axis than tite other. 

"The offset gain nsflector may be fabricated hi 
the manner described in the abov»^ecuss6d SPtE 
paper by Mihalakls. Le., by uHlzing 4 Campuimr so 
Numerical Control micro-milling system to form the 
as^metrical optical elements. Such an of^ gain 
reflector can be manufactured by ProtDiite. 

The optimum use of display 10 in c^t-col' 
limeted light depends to a great degree on contrcth £fi 
ling Vn6 angle of the light Incktont on different . 
. poitfons. ot display rhedlum 12. Since In moat. ap« 
pfications, Incident Ugttt is not oomptMty ooHimst- 
.ad nor perpMdiotilar to the ctoplay «irtaoe...<fif. , . 
ferent porBons of dtopiay medium 18 vM the odn so 
reflector, for example the Uxp and bottom »jrfaces, 
if the display is orientated verticati/, mil receive 
Ught at different armies. This wili. in general, pro- 
duce different perfomianoe and, therefore, 
noticeable differaices in syjpearance. as 

fidwever, in ^ eml^odiment tltustratsd In Fig- 
ure 8, the illiquid cryst^ cell 12' and the gain 
reflector 14* are fabricated on thin flexlbie plastic 
substrates. Ibr examine, that may be ctj^ved (in one 
(ftnension) so that more of the surEaoe of die liquid « 
cry^ oeli and gsin ref^cfor era i« the ssone 
aagia of inddenee fei » oa) mUm to a front 
illuraiR^lon source SO ^ight ftom sminw £0 is 
represented by beams 82,84} on viewing ^de 26 of 
display 10 . In this embodiment, tiqdd crystal cell 4S 
12' most preferably oOn^arises the encapsulated 
of^rationalty.^nematic or NCAP liquid crystal ma- 
teria, and gain reflector 14' may be a sputtered 
aluminum coating, hawing sn uneven surface, on 
the curved surf^ of the subs&aie. THs oonfigura- eo 
tion as^sts to ensLra a unifium optical psrfbr- 
m»ice and appearance fcH' the display, tt Is espe- 
cially suitable for use for vehide dashbcrard dis- 
plays. 

The display of the invention is operable In all 59 
ambient lighting condiawis to produce a display 
having excellent contrast and br^htness. The dis- 
play is effective at night {very low, less than 100 



foot lamberts ("F1"). or zero ambient light), in 
bright sun (ambient l^ht greater than IQOO F1), mi 
on cloudy days or indoors (amfcHent light 100 to 
1000 F1). 

As discussed, incident light, represented, by 
light beam 60 (see Figures 3,5). is transmitted 
tlvough the display medium, in the non-scattering 
state, where It is reflected, shown as light beams 
€2, by means of tiie gain reflector to create a 
dl^lay observable by an observer 58. 

As noted, dye in the NCAP lic^ld crystal cell 
produces light absorption. For rncident iifl^ that is 
quasi-cotiimated, bdghtnesB of the display m 
the fieldKm state is increased becsiss the light 
experiences littte absorption or scattering as it 
passes through the Hqtrid crystal cell, ft is then 
tBftected into a narrow distibution by Sie gain 
reflector and then passes through the liquid crystat 
ceD again. 

bi the fteld-off sma, incident light is strongly 
scattered and absoted. Thus, the porticm of the 
light that teaches the gain reflector is mudi more 
diffuse ttsm the inddent beam. Therefore the effec- 
tive gaki of the gain reflector will be much lower. 
Therefore, the display wrill. ba brighter and have a 
higher contrast 

When incident 11^ is diffuse, the brightness ifi 
the ^-on state is sQH increased t>y the gain 
reflector. TMs is caused by the cSftBrmlal absofp- 
tion of Bght that enters the liquid crystal ceil from 
diff^ei^ angles. 

. For Instance, consider a light ray, represented 
by beam 72 (see Figures 1, 3-4) that is normal to 
Bie liquid cryste! c^l structure. Since, in the floU- 
on state, the NCAP liquid crystal m^risl is aligned 
by me electric field E there will be little scattering 
or absorption for light that is notmal to the liquid 
crystal cell, such as light ray 72. For Bght rays at 
an mgle from the normal, for example 45". there 
will be signl^ant absorption since these rays win 
not b? ftBvelifls parallel to the fi^U ^|ned liquid 
cry^ 40 and Uie dpi 42; Since ligit is mom 
sbroi^ly scarred and absoitied Sie fUrmer its in- 
cident direction is from the normal to the surface of 
die liquid crys^ c^l. the transmitted light dis^bu- 
fion is nanrowsd somewhat from the inddent die- 
tribution. This narrow dIstribuSon will be reflected 
by the gain reflector with some 'gain. 

In ttie fleld-off s^ m Bquid crystal cett will 
scatisr and absorb the dtfluse incident light srvi 
provide little or no gain. Therefore, even in diffuse 
lighting conditions, the combination of tiie gain 
reflector and the liquid crystal ceil provide high 
brightness and contrast. 

The display apparatus, for the various modes 
of operation, displays the selected numeral, char- 
acter or other informatton to an observer 58 on 
viewing side 2S within the viewing angle of the 



display. For example, to obssrvH' 5S, the area 
between the energized electrodes may appear very 
light (or colored) against a very dari< ba<*ground. 
The liquid crystal material that is not located be- 
twe«i the energized electrodes Ie in the fleid-off 6 
stats. Thiis, that material still scatters and absoriM 
Incident Itglit creating a very dark E«}pa»aiioe, 
flfom both fte \rfewicig attd non-viewing sides. 

The display is adaptaWe tq swh displays as 
vehicle dashtraards and confrot panels. 10 

The display produces unique display improve- 
ments Including: (1) the overall brightness of the 
display when tt^ display medium is in the non* 
scaR^ng state is increased while the display 
brightness in the scattering state is not changed, 7S 
yielding si Increase in the cwitrast ratio when the 
display is itIumfnaAed by either oollimated or quasi- 
colBmated light; (2) an fmprov^nent in Bie bright- 
nese and contrast ratio of tfie display even when 
Illuminated by diffuse light; (3) the capability of 20 
angularly separating the reflected light distribution 
(reflected gain from the gain reflector) from the 
speoular feflaetlijn (glare ffwn the di^tay medium ■ . - 
HI front of the gain rafiector). 



■ ciabns 

1. A visual display cpm(»i8jng a display me- - . . 
dlum (1S) switdialirie between a first state in which ( 30 
incident light Is at least one of scattered and ab» 
sorbed and a second state in which the amount of 
such sc^tering or atisorption is reduced, and a 
gs^n reflect means (14) disposed beNnd said 
display medium (12) for reflecting light passtaig 35 
through said display medium (12), characteifsad hi 
ttiat said gain redactor tmvts (14) is such that aald 
reflected light is ai^otariy offset from speadar re- 
jection from said display medium (12). 

S. A visual display as claimed in Claim 1, 40 
char^iiterised in ^at sra'd liquid crystal ms^al (22) 
is contained in a cmt£dnment medium means (44) 
tor Inducing a dist(»ted aTignment of said Squid 
crystal material (22) whk* in response to such 
alignment at least one of scatters and absorbs light 4S 
and which in response to a prescribed IniMt re- 
duces the anwunt of sui^ ecattsrino and absop- 
Son, 

Z. A \Hsual display as dssmad in Claim 2, 
characlBrised in ^at said liqidd ctystai material (22) so 
is bireftingent and has an ordinary index of reiirac- 
flon in the preswKe of said prescribed input that is 
substantialiy matched to the index of refraction of 
sdd containment medium means (44) to minimise 
refraction and scattering of light, and an ^aor- sfi 
dinary index of refraction in m absence of said 
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prescribed input that i? different from the Index of 
refractiofl of said containment medium means (44) 
to cause refraction and scattering of light. 

4. A visual display as claimed in Claim 3, 
characterised by Input means for applying said 
prescribed injwt to said liquid crystal material (22), 
said input meeuis comprising electrode means <3S, 
33) at opposite surfaces of said liquid crystal ma- 
terial for ^plying an electric field across said Nquld ' 
crystal materid. 

5. A visud display apparatus characterised by 
a display medium (12) and a gain reflector means 
(14) disposed bhind said display medium (12) for 
reflecting light passing through said display me- 
dium (12), charactaised in that sdd display me- 
tSum (12) comcMises a liquid crystal mat^ial cxxi- 
tabed in a contaiiwnait means (44) tor inducing a 
.distorted afig^ent of said liquid crystal materia 
which in response to such alignment at least one of 
scatters and absorbs light, and which In response 
to a preseriised input reduces the amount of suCh 
scattering and absorption. 

e. A visual display as claimed in any precedlrig 
dalm. d^aracterised in that said display medium 
(1^ co^mprises . a dynamic scattsitng liquid crystsd , 
miterial (22). 

.... 7. 'A vf^al- <£pplBy as claimed in any. ^ne ai ■ 
Claims I to dwacterised in th^ add display 
misdlum (12) comprises en encapsulated operatton- 
aRy nemaSc liquid oystal material (22). 

a A visual display as claimed in Claim 7. 
characterised in that said encapsulated operation- 
ally nemadc liquid crystal material rantains a dye 
(48). 

8. A visual display as claimed in Claim a, 
characterised |n that said dye is a pleochroic dye 
having a stnicture operative to absorb light when 
ssBid liquid crystal material is In distorted alignment 

10. A Visual display as cidmed in any preced- 
ing claim, characterised In flial said display me- 
dium (12) Is a m^erial selected ftrom ^e group 
consie^ng of twisted nemedic liquid crystal material 
and super twist llqutd crystal material. . 

11. A visud display as claimed In any one of 
ddms 1 to 3, diaractertswd In that said display 
rnedlum (12) comprises a PLZT lenTWlectric ce- 
r»T)fc material. 

12. A visual cN^lay as claimed in any preced- 
hig daim, characterised by a front Oghting source. 

13. A ^suai display as claimed in any preced- 
ing claim, cha-acterlsed by a color lens disposed 
between said display medium (12) and said gain 
reflector means (14). 

14. A visual display as claimed in any preced- 
ing daim, characterised In that sdd gain reflector 
means (14) indudes a pattern of fluorescent colors. 
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15. A visual dsptay as claimed in any praoed- 
Ing claim, charactertsed in that said gain reflector 
means (14) comprises a plurality of similar units 
disposed in substantially contiguous relation, each 
unit including an wnitfing surface wtiic* is convex s 
in a plane defined by first and second axes and 
c(»icave in planes perpendicular tiiereto. 

ie. A visual display as oiaimed in any (M^oad- 
kig cl^m. charactartsed in tliat said gain reactor 
means <14) oomptjses a roughoted mirrored sw iq 
face. 



as 



3S 



SO 




FIG.— 3 FI6.— 4 





FI6.— 9 



EP0 326 24SA2 




FIG.— 6 



EP0 326 248 A2 




FIG.— 8 



